A set of 155 hybrid parents was characterized at molecular level using 24 simple sequence repeat (SSR) markers. The number of alleles amplified ranged from 3 to 41 at an average of 14.5 alleles per marker and mean polymorphic information content (PIC) value of 0.64. Based on genetic diversity, three heterotic groups were constituted. Male sterile (A) lines were distributed into two heterotic groups, while the fertility restorer (R) lines formed three heterotic groups. Of the 135 restorers studied, 51 (37.78%) were classified in heterotic group I, and 75 (55.56%) in heterotic group II. Six interspecific derivatives and three other genotypes constituted the heterotic group III. These observations indicated the presence of limited genetic diversity among A and R lines. Based on the present results, it is recommended that for breeding high yielding pigeonpea hybrids, more attention be given to develop new genetically diverse hybrid parents.
Introduction
Pigeonpea [Cajanus cajan (L.) Millsp.] is an important high protein pulse crop of Asia and Africa. Global efforts to breed high yielding cultivars in this crop never met the expected success and its productivity has remained low for the past 50 years. The genetic enhance of yield has therefore, become a major concern for pigeonpea scientists (Saxena 2008) . The recent breakthrough in breeding a cytoplasmic nuclear male sterility (CMS) system [Saxena et al 2005] and natural out-crossing of the crop have provided an opportunity to pigeonpea breeders for breaking the decades-old low (< 800 kg/ha) yield plateau. In this context, recent release of the world's first pigeonpea hybrid (Saxena et al. 2013 ) with 46% yield advantage over traditional cultivars in farmers' fields, has given positive indications about the potential of hybrid technology in achieving significant productivity gains in the near future. The genetic diversity of parental lines is known to plays a significant role in breeding of high yielding hybrid cultivars. Therefore, its assessment among the potential parental genotypes has become an integral part of hybrid breeding programmes. The process of classifying parental lines on the basis of genetic diversity and their logical use in breeding hybrids has gradually evolved into the concept of "heterotic groups'. Saxena and Sawargaonkar (2014) reported that in pigeonpea the heterosis for yield by crossing the lines representing diverse heterotic groups was higher as compared to those belonging to the same heterotic group. The success in any hybrid breeding programme primarily depends on the ability of breeders to select parents on the basis of genetic diversity and other related parameters. In this context, the use of molecular markers is the latest and most reliable technology because its results are not influenced by factors such as crop phenology, cropping system, environment or genotype x environment interactions. In the present study, besides studying genetic diversity within 155 hybrid parents, their molecular data were also used to establish heterotic groups.
Materials and methods

Plant materials and DNA extraction
A total of 155 hybrid parents including 20 cytoplasmic nuclear male-sterile (A-) lines and 135 restorers were selected from ICRISAT's hybrid pigeonpea breeding programme for their molecular characterization. The genomic DNA for analysis was isolated from young leaves of three weeks old seedlings using the protocol (Cuc et al. 2008) . The DNA quantity for each sample was determined on 0.8% agarose gel and DNA concentrations were normalized at 5 ng/µl.
SSR markers, polymerase chain reactions (PCRs) and electrophoresis
For molecular characterization, a total of 24 M13 labeled primer pairs were used (Bohra et al. 2012) and PCRs were performed in a 5 µl reaction volume [0.5 µl of 10 × PCR buffer, 0.3 µl of 25 mM MgCl 2 , 0.5 µl of 2 mMdNTPs, 0.15 µl of 10 pM primer (MWG-Biotech AG, Bangalore, India), 0.3 U of Taq polymerase (Bioline, London, UK), and 1.0 µl (5 ng) of template DNA] in 96-well microtitre plate (ABgene, Rockford, Illinois, USA) using thermal cycler Gene-Amp PCR System 9700 (Applied Biosystems, Foster City, California, USA). A touch-down PCR program was used to amplify DNA fragments. An initial denaturation for 3 min at 95 o C for 20 min. The PCR products were checked for ampli?cation on 1.2 % agarose gel. The ampli?ed products were separated on capillary electrophoresis using ABI 3730 (Applied Biosystems, Foster City, CA, USA) and allele calling was performed using Gene Mapper software version 4.0 (Applied Biosystems, Foster City, CA, USA).
Analysis of data
The allelic data obtained in base pair (bp) were analyzed as allele size and these were used to prepare dendrogram using MEGA version 5.05 (Tamura et al 2011) . The polymorphism information content (PIC) estimates of markers (referring to the value of a marker for detecting polymorphism within a given germplasm), was estimated according to Anderson et al. (1993) . In the present study an attempt was also made to formulate heterotic groups with the limited number of SSR makers available.
Results and discussion
Molecular diversity
Marker polymorphism : All the SSR markers were found polymorphic for the pigeonpea genotypes, and these markers amplified a total of 347 alleles with an average of 14.5 alleles per marker (Table 1 ). The PIC values of the markers ranged from 0.13 (CcM1373) to 0.94 (CcM1011) with an average of 0.64. Among A lines, 134 alleles were amplified from 23 polymorphic SSR markers with an average value of 6 alleles per marker and a range of 2 (CcM0594) to 15 (CcM1366) alleles per marker. The PIC value among the male 
Marker variability
To assess the molecular diversity among the test materials, UPGMA -based tree was constructed using the marker genotyping data. The dendrogram (Fig. 1 ) revealed limited molecular diversity among the genotypes with three distinct clusters. A perusal of data further revealed that Cluster I had all the early maturing and a few medium maturing materials. Cluster II comprised of only medium maturing genotypes. Cluster III was distinct and included three germplasm and six inter-specific derivatives involving three wild relatives viz., C. acutifolius, C. scarabaeoides and C. platycarpus of pigeonpea. The results showed that at molecular level this group of inter-specific derivatives was the most diverse lot. The present study also confirmed the earlier observations (Burns et al. 2001; Panguluri et al. 2006; Odeny et al. 2007; Yang et al 2006; Saxena et al. 2010a Saxena et al. , 2010b ) that the cultivated pigeonpea suffers from inherent limited molecular diversity.
Heterotic groups
Heterotic groups of male sterile lines (Table 2) were placed in heterotic group II, and all of them were of medium maturity group. This classification showed that in the early maturing group the choice of selecting A lines on the basis of genetic diversity is limited. In the medium maturing group however, out of 15 A lines studied, three were placed in heterotic group I and the remaining 12 in heterotic group II. These results suggested that at present the genetic diversity among A lines is not sufficient for a dynamic hybrid pigeonpea breeding programme; hence there is an urgent need to diversify the genetic base of the female parents.
Heterotic groups of fertility restoring lines
A total of 135 fertility restoring lines were studied and this group exhibited a large phenotypic variation with respect to different agronomy traits ) but in the present study the variability at molecular level was found limited. From this material three heterotic groups were constructed. Heterotic group I had 51 (37.78%) lines, while heterotic group II included 75 (55.56%) lines. Only nine (6.67%) fertility restorers constituted the heterotic group III (Table 2) . This group had useful variability since it included six inter-specific derivatives, representing three wild relatives of pigeonpea. ICPL 20343, ICPL 20346 and ICPL 20347 were derived from C. acutifolius; ICPL 20342 from C. scarabaeoides; and ICPL 20348 and ICPL 20349 from C. platycarpus. The former two wild species represent secondary gene pool, while C. platycarpus is classified in the tertiary gene pool of genus Cajanus. The remaining genotypes were ICPL 87119 and its two selections. The present results also showed that majority (93.34%) of the fertility restoring lines were placed in the first two heterotic groups, suggesting limited genetic variability among this group of genotypes also. The six inter-specific derivatives may be useful in breeding new male parental lines.
The utility of geographic diversity in hybrid maize breeding was recognized about a hundred year back, but today it may not stand alone because of rapid movement of cultivars across geographical boundaries and gradual replacement of landraces with modern high yielding cultivars. In this situation the relevance of genetic diversity among parents becomes more important in breeding hybrids. To identify genetically diverse genotypes, the crop breeders traditionally use different statistical tools to separate environmental effects from the total recognizable phenotypic variability. In maize and other important crops, these technologies have been frequently used with encouraging results. With the recent development of sophisticated genomic techniques, the environment component of variation can now be totally eliminated and reliable information on the genetic diversity of the parents can be generated for use in the formation of heterotic pools and breeding hybrids.
As mentioned earlier, the stagnation of pigeonpea productivity has been a subject of concern for a long time and the evolution of hybrid technology has given good signals towards breaking the yield plateau in this crop (Saxena 2008) . The success of this programme, however, will depend on the availability of productive hybrid parents with large genetic diversity for per se performance, greater combining ability and important market-preferred traits. In this context evaluation, selection, and classification of germplasm into different heterotic groups will be of great help in breeding hybrids. At this point it is also to be noted that there is no single rule to constitute heterotic groups in any crop. Reif et al. (2003) , while summarizing the subject, concluded that the classification of germplasm into heterotic groups can be done on the basis of per se performance of hybrids, combining ability of hybrids, origin of the parents or their genetic diversity. The information generated on phenotypic diversity using different statistical tools cannot be used effectively for developing heterotic groups as the data are undoubtly influenced by different environmental factors and their variable interactions with different genotypes. Fan et al. (2003) and Jelena et al. (2007) , therefore, advocated that judicious use of pedigree information (origin), combining ability, and molecular markers together may be the most effective way to develop heterotic groups. Use of genomic approach in constituting heterotic groups has a great significance in hybrid pigeonpea breeding. This is because in this crop there are some "super traits', which when present / expressed, change the entire phenotype of a plant, and hence the expression of yield and yield components is significantly altered. In such situations the morphological crop data will not represent real genotypic variability. The best example in this respect is the effect photo-period on plant phenology. Pigeonpea is known to be highly sensitive to photoperiod and require short days for the induction of flowering (Saxena 2008) . In order to fetch good harvest, the sowing of commercial pigeonpea crop is done during long days and it accumulates a considerable biomass before it flowers at the onset of short days in 100-120 days. Under this crop culture each plant grows over two meter tall and produces large biomass with > 500 pods. Alternatively, if the same genotype is planted at the onset of short days in the month of September, then the plants will flower in 60-65 days and will attain height of 70-75 cm and produce only about 50 pods/plant. The other such traits which influence the phenology of pigeonpea plants are growth habit (determinate versus non-determinate), temperature, and cultivar maturity (early versus late). Thus, the data on same genotype in the two environments will be markedly different, and real picture about their variability will never emerge. Therefore for assessing genetic variability among genotypes with accuracy, the use of genomics data is the best bet to have real picture about the diversity of the genotypes.
In pigeonpea so far only one report (Saxena and Sawargaonkar 2014) has been published on the development and use of heterotic groups. The authors in this case formulated seven heterotic groups based on specific combining ability effects estimated in a February, 2015] Heterotic groups in pigeonpea 61 set of line x tester crosses, evaluated at four diverse locations. The present exercise is the first of its kind in pigeonpea, where a set of molecular data has been used to generate information on heterotic groups. The diversity among hybrid parents based on morphological data was large ), but these observations were not supported at molecular level. Low genetic variability among the cultivated pigeonpea was also reported earlier (Burns et al. 2001; Panguluri et al. 2006; Odeny et al. 2007; Yang et al. 2006; Saxena et al. 2010a Saxena et al. , 2010b it may limit the hybrid gains in the crop. It is therefore, recommended that for developing high yielding hybrids in pigeonpea, a dynamic breeding programme aimed to enhance the genetic variability among hybrid parents should be launched and given a very high priority. The presence of heterotic group III, where six lines were derived from inter-specific crosses, provided a silver lining. The question of limited genetic diversity within primary gene pool can be adequately addressed by utilizing wild relatives of pigeonpea. There are 32 wild relatives of pigeonpea which can provide plenty of genetic diversity to hybrid breeding programmes.
